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Introduction {#sec007}
============

India has experienced a rapid increase in the prevalence of obesity due to increasing adiposity over the last two decades, which is attributed to lifestyle changes associated with urbanisation, rural to urban migration and globalisation \[[@pmed.1003234.ref001]--[@pmed.1003234.ref003]\]. Between 1991 and 2011, the urban population in India grew from 11% to 34% (380 million), and migrants from rural to urban areas accounted for around 20% of the urban population growth \[[@pmed.1003234.ref004]\]. Migrants from rural to urban areas acquire lifestyle changes associated with urban environment, putting them at an increased risk of obesity \[[@pmed.1003234.ref005],[@pmed.1003234.ref006]\]. Establishing the relative contribution of diet and physical activity to increased adiposity among urban migrants and the specific behavioural changes involved is vital for developing appropriate policies for control of the obesity epidemic in urbanising India and could also inform policy in other low- and middle-income countries (LMICs) with high rates of rural to urban migration \[[@pmed.1003234.ref007],[@pmed.1003234.ref008]\].

Data on the relative contribution of changes in diet and physical activity to risk of obesity in urban migrants are lacking for India and other LMICs. Despite their utility for assessing this question, longitudinal studies on health effects of migration are almost nonexistent because of difficulties in predicting who will migrate \[[@pmed.1003234.ref009],[@pmed.1003234.ref010]\]. A few cross-sectional studies (conducted in China, Peru, and Guatemala) have compared urban migrants to rural populations from the area of their birth; they found lower levels of physical activity and more energy intake among urban migrants, suggesting that a decline in physical activity was the primary contributor to increased adiposity among urban migrants \[[@pmed.1003234.ref011]--[@pmed.1003234.ref013]\]. However, in such comparisons, the role of unmeasured confounding due to differences in premigration characteristics of urban migrants, such as genetics, childhood home environment (including parental behaviours), and behaviours in adolescence should not be ignored \[[@pmed.1003234.ref014]--[@pmed.1003234.ref016]\]. Furthermore, these studies did not directly compare the relative contribution of diet and physical activity to greater adiposity among urban migrants.

In the Indian Migration Study conducted between 2005 and 2007, we substantially limited the role of unmeasured confounding by comparing urban migrants to their rural dwelling siblings who shared their childhood home environment (completely) and genetics (partially). The urban migrants were sampled from four factories in north, centre, and south of India (with rural siblings residing anywhere in the country) to take account of differences in lifestyles and genetics and make findings more generalisable \[[@pmed.1003234.ref017]\]. In a previous analysis, we found that urban migrants had a higher prevalence of obesity and diabetes compared with their nonmigrant rural siblings \[[@pmed.1003234.ref015]\]. In this study, our primary aim was to investigate the relative contribution of energy intake and expenditure to excess adiposity in urban migrants. Our secondary aim was to identify specific dietary and physical activity behaviours contributing to this excess adiposity. Based on findings from other LMICs noted above (e.g., China, Peru, and Guatemala), we hypothesised that the greater adiposity in urban migrants was primarily due to a reduction in their energy expenditure.

Methods {#sec008}
=======

The study is reported in accordance with the STROBE guideline ([S1 STROBE checklist](#pmed.1003234.s001){ref-type="supplementary-material"}). Detailed methodology of the Indian Migration Study has been previously reported, and the questionnaire is included as supplementary information ([S1 Text](#pmed.1003234.s002){ref-type="supplementary-material"}) \[[@pmed.1003234.ref017],[@pmed.1003234.ref018]\]. Briefly, the study was based at factory sites in four cities (Lucknow: Hindustan Aeronautics Ltd; Nagpur: Indorama Synthetics Ltd; Hyderabad: Bharat Heavy Electricals Ltd; and Bangalore: Hindustan Machine Tools Ltd) situated in the north, centre, and south of India. Factory workers and their co-resident spouses were recruited if they were rural-urban migrants, using employer records as the sampling frame. Each participant was asked to invite one nonmigrant sibling, preferably of the same sex and closest to them in age, still residing in their rural place of origin. Sibling pairs were examined together and all data, including measurements of skinfold thickness, were collected at the same time (i.e., cross-sectional study design). Ethical approval for the study was obtained from the institutional review board of the All India Institute of Medical Sciences. Written informed consent (witnessed thumbprint if illiterate) was obtained from the participants. The study was conducted between March 2005 and December 2007.

Measurements {#sec009}
------------

Diet was assessed by an interviewer-administered semiquantitative food frequency questionnaire \[[@pmed.1003234.ref019]\]. The questionnaire assessed portion size and frequency of intake (i.e., daily, weekly, monthly, yearly, never) of 184 commonly consumed food items over the preceding year. A standard portion size was assigned to each food (e.g., tablespoon, ladle, bowl) by showing them to participants. A single questionnaire was used to cover the four regions of the study. Nutrient databases were developed for the study by collecting recipes from participants in rural and urban areas of each study site and using Indian food composition tables (supplemented by other international databases where necessary) to calculate nutrient content of each recipe \[[@pmed.1003234.ref020]--[@pmed.1003234.ref022]\]. Because of variation in food preparation, we used nutrient databases specific to region, urban/rural setting, and type of oil used for cooking to calculate the average daily dietary intake of energy, carbohydrate, fat, and protein. The recipes were also used to generate databases of the food group composition of each food item and used to calculate average daily food group intake. For this analysis, the following food groups were considered: fruits and vegetables (including vegetables added to preparations and salads); cereals and legumes (pulses, lentils, whole gram preparations); sugary foods and sweets (including sugar and jaggery used in preparations and beverages); meat (including meat added to mixed dishes), fish and poultry; fats and oils; and dairy (including dairy products added to preparations and beverages). The questionnaire was found to have acceptable reliability (kappa coefficients for food groups over periods ≥1 month ranging from 0.26 to 0.71) and validity against three 24-hour diet recall surveys (Spearman's rank correlation coefficients for food groups ranging from 0.25 to 0.72) \[[@pmed.1003234.ref019]\].

An interviewer-administered questionnaire was used to assess habitual physical activity over the past month for the following domains: sleep, occupation (sitting, standing, walking, and activities more strenuous than walking at work), exercise, household, hobby, sedentary, and other (e.g., eating, dressing, travelling to and from work) \[[@pmed.1003234.ref023]\]. Instead of a predefined list of activities, participants were asked open-ended questions to elicit a list of activities (up to 21) specific to them, e.g., 'apart from work, how do you spend your time (over last 1 month): (i) Sports/games/exercise (e.g., walking, badminton, jogging, cricket, etc.).' The exceptions to this were for sleep, standing, sitting, walking at work, and 'other' activities that were closed questions, e.g., 'on average how many hours in a day do you sleep?' For each reported activity, additional information was gathered on its frequency and duration (in minutes per day). Physical activities were assigned metabolic equivalent task (MET) value using the Compendium of Physical Activity and WHO guidelines, supplemented by country specific values \[[@pmed.1003234.ref024]--[@pmed.1003234.ref026]\]. One MET is equivalent to 1 kcal/kg/h, corresponding to the resting metabolic rate of sitting quietly. Individual activity durations were summed to generate total daily duration of recalled activities. If this value was \<24 hours, a residual time variable was generated and a standard MET value of 1.4 was applied, whereas if this value was more than 24 hours, duration of each individual activity was reduced proportional to the amount overreported \[[@pmed.1003234.ref027]\]. For occupational activities more strenuous than walking, the Integrated Energy Index was applied to correct for unreported rests that occur in these activities \[[@pmed.1003234.ref028]\]. Total activity was calculated as MET (h/day) by summing MET values of all activities. Time spent in categories of activity intensity was generated using previously published cut-points: sedentary (\<1.5 MET); light (1.5 to 3 METs); moderate (3 to 6 METs); and vigorous (\>6 METs) \[[@pmed.1003234.ref029]\]. Physical activity energy expenditure was calculated as total activity MET (h/day) minus MET (h/day) for sleep and MET (h/day) equivalent of resting energy expenditure while being awake and multiplied by 4.183 to estimate kJ/kg/day. The questionnaire was found to have acceptable reliability (intraclass correlation coefficients over periods ≥1 month ranging from 0.26 to 0.62) and validity against physical activity assessed by uniaxial accelerometer worn ≥4 days (Spearman's rank correlation coefficient ranged from 0.18 to of 0.48 for activities of different intensities) \[[@pmed.1003234.ref023]\].

Time lived in an urban area was estimated by collecting details about each address that the participant had lived in for longer than a year \[[@pmed.1003234.ref006]\]. Time spent at each residence was summed (classifying the place as urban based on the Indian census definition) to estimate the total time lived in an urban area (in years). Socioeconomic position was assessed using a subset of 14 questions (out of 29) of the Standard of Living Index (SLI), which is an asset-based score use in national surveys of India. We applied the prescribed weights to generate a score ranging from 0 to 38; a higher score indicates a higher socioeconomic position \[[@pmed.1003234.ref030]\]. Trained personnel took anthropometric measurements of height and weight from all participants during the clinic visit \[[@pmed.1003234.ref017],[@pmed.1003234.ref018]\]. Height was measured in bare feet in the Frankfort plane, using a portable plastic stadiometer with a base plate, accurate to 1 mm (Leicester height measure, Chasmors Ltd, London). Weight was measured in light indoor clothing using a digital weighing machine with 100 g accuracy (Model PS16, Beurer, Germany). Height and weight were used to calculate the body mass index (BMI) = weight (kg) ÷ height (m)^2^. Skinfold thickness was measured three times at the triceps and subscapular areas using Holtain calipers, and the average at each site was used to calculate percentage body fat using a standard equation for Indian population \[[@pmed.1003234.ref031]\]. Data quality was assured through detailed protocols and 6 monthly standardisation of measurements (within a 5% margin of error) by the field staff, and a resurvey of 5% study sample to assess reliability. Anthropometric equipment was calibrated at the start of each clinic session.

Statistical analyses {#sec010}
--------------------

The analyses were restricted to sibling pairs of the same sex to minimise the potential for bias from difference in associations between sexes. As levels of missing data were low, only participants with complete data were analysed ([Table 1](#pmed.1003234.t001){ref-type="table"}). The main outcome was difference in body fat between siblings. Distributions of all variables were visually inspected, and any major outliers removed. Simple linear regression was used to describe the unadjusted relationship between difference in body fat (outcome) and difference in energy intake and energy expenditure on physical activity (exposures). Subsequently, multiple linear regression models were fitted, adjusting for age, sex, factory site, and years lived in an urban area to account for potential confounding by these variables. To address the primary aim, we first fitted a model including differences in energy intake and energy expenditure (exposures) and the confounders mentioned above. To address the secondary aim about role of specific behavioural changes, we fitted a model including the specific food groups and subtypes of physical activity for which data were available, as well as confounders. All models were prespecified. In additional analyses, we included SLI in the primary models to explore the relative contribution of improvement in personal social conditions and urban environment. To estimate the proportion of difference in adiposity between rural and urban siblings attributable to differences in diet and activity, we used the same multivariable models to calculate the predicted difference in adiposity, assuming no difference in diet or activity, respectively, and subtracted this from the observed difference in adiposity. We expressed this as a percentage of the observed difference. We formally tested for interactions by sex or study centre, which were specified a priori.

10.1371/journal.pmed.1003234.t001

###### Distribution of diet, activity, and obesity in 1,232 same-sex rural-urban migrant sibling pairs (*N* = 2,464 participants) of the Indian Migration Study, 2005 to 2007.

![](pmed.1003234.t001){#pmed.1003234.t001g}

  Participant characteristics                                           \% Missing values   Median (LQ, UQ), %     Median absolute difference within sibling pairs   Median percentage difference within sibling pairs          
  --------------------------------------------------------------------- ------------------- ---------------------- ------------------------------------------------- --------------------------------------------------- ------ ----
  Percentage body fat (%)                                               1.6%                23.2 (17.2, 29.1)      29.1 (24.1, 33.5)                                 5.0                                                 +18%   
  BMI (kg/m^2^)                                                         0.1%                21.4 (18.8, 24.3)      24.5 (22.2, 26.8)                                 2.7                                                 +12%   
  Age (years)                                                           0%                  41 (32, 49)            44 (36, 50)                                       3                                                   +7%    
  Gender                                                                Male                0%                     69.2%                                             \-                                                  \-     
  Female                                                                30.8%               \-                     \-                                                                                                           
  SLI (scale max. 38)                                                   0%                  14 (10, 20)            24 (21, 26)                                       8                                                   +36%   
  Time lived in urban area (years)                                      0.1%                \-                     24 (14, 30)                                       \-                                                  \-     
  Factory site                                                          Lucknow             0%                     \-                                                26.5%                                               \-     \-
  Nagpur                                                                \-                  23.3%                  \-                                                \-                                                         
  Hyderabad                                                             \-                  31.3%                  \-                                                \-                                                         
  Bangalore                                                             \-                  18.8%                  \-                                                \-                                                         
  Total energy intake (calories/day)                                    0%                  2,529 (1,950, 3,256)   2,916 (2,342, 3,614)                              360                                                 +12%   
  Cereal and legume intake (grams/day)                                  0%                  421 (316, 560)         454 (355, 576)                                    26                                                  +6%    
  Meat, fish, and poultry intake (grams/day)                            0%                  10 (0, 33)             16 (0, 42)                                        0                                                   0%     
  Dairy intake (grams/day)                                              0%                  285 (166, 436)         328 (213, 452)                                    27                                                  +10%   
  Fruit and vegetable intake (grams/day)                                0%                  307 (213, 452)         449 (326, 612)                                    128                                                 +30%   
  Sugary food and sweets intake (grams/day)                             0%                  31 (19, 45)            33 (22, 47)                                       2                                                   +7%    
  Fats and oils intake (grams/day)                                      0%                  40 (27, 55)            47 (35, 68)                                       10                                                  +21%   
  Alcoholic beverages intake (grams/day)                                0%                  5 (0, 14)              7 (0, 14)                                         0                                                   0%     
  Total physical activity energy expenditure (kJ/kg/day)                1.1%                69 (53, 85)            57 (49, 67)                                       −11                                                 −18%   
  Total time spent sedentary (min/day)                                  1.1%                850 (733, 980)         925 (830, 1030)                                   71                                                  +8%    
  Total time spent engaged in moderate or vigorous activity (min/day)   0%                  199 (103, 315)         120 (60, 186)                                     −69                                                 −60%   
  Time spent walking for leisure (min/day)                              0%                  0 (0, 15)              0 (0, 30)                                         0                                                   0%     
  Time spent watching television (min/day)                              0%                  54 (0, 110)            90 (60, 120)                                      30                                                  +50%   

BMI, body mass index; LQ, lower quartile; SLI, Standard of Living Index; UQ, upper quartile

Results {#sec011}
=======

Factory workers and their spouses (*N* = 15,596) were contacted through their employee records and assessed for study eligibility (i.e., urban migrant with a rural dwelling sibling or a 25% random sample of urban nonmigrants; [S1 Fig](#pmed.1003234.s003){ref-type="supplementary-material"}). A total of 13,695 (88%) completed the eligibility questionnaire, of which 7,594 (55%) met the eligibility criteria and were invited to take part in the clinical examination with their sibling. A total of 7,067 participants (3,525 sibling pairs and 17 without sibling) took part in the clinical examination. Of the 2,108 urban migrants with a rural sibling, 1,232 urban migrants had a rural sibling of the same sex (*N* = 2,464) whose data were analysed. Those who took part in the clinical examination were broadly similar to the rest ([S1 Table](#pmed.1003234.s004){ref-type="supplementary-material"}).

The characteristics of the study sample are presented in [Table 1](#pmed.1003234.t001){ref-type="table"}. Two-thirds of sibling pairs were male. Urban siblings were slightly older (approximately 3 years) but had a similar level of education as the rural sibling. Urban migrants had a much higher standard of living as expected, because most urban migration in India is for economic reasons. Most of the urban siblings had lived in an urban area for a considerable period (approximately 24 years). Urban siblings had higher percentage body fat (29% versus 23%) and BMI (25 versus 21 kg/m^2^) than their rural counterpart. Total energy intake of urban siblings was 12% (360 calories/day) higher than their rural sibling. Cereals and legumes, dairy, fruit and vegetables, sugary foods, and fats and oils intake were all higher in urban migrants; however, there was a negligible difference in meat, poultry, and fish intake or alcohol intake. The urban siblings spent 18% (11 kJ/kg/day) less energy on physical activity than their rural counterparts. They spent more time being sedentary and watching television and considerably less time engaged in moderate or vigorous activity. Time spent walking for leisure and alcohol intake were not taken forward into the final regression models because of irregular distributions of these variables (a large number of respondents reported zero values).

Energy intake and energy expenditure were both strongly associated with difference in body fat between migrant and rural siblings ([Fig 1A](#pmed.1003234.g001){ref-type="fig"}, [Fig 1B](#pmed.1003234.g001){ref-type="fig"}). This remained largely unchanged on adjustment for age, sex, factory site, and time spent in an urban area ([Table 2](#pmed.1003234.t002){ref-type="table"}). The difference in energy intake and energy expenditure on physical activity was estimated to account for 4% and 6.5% of the difference in adiposity between siblings, respectively. In analyses of specific behaviours, difference in fat consumption (*p* = 0.064), time spent in moderate or vigorous intensity activity (*p* = 0.023), and watching television (*p* = 0.006) were clearly associated with difference in adiposity between siblings, but differences in other diet and activity variables were not ([Table 3](#pmed.1003234.t003){ref-type="table"}). Adjustment for SLI markedly attenuated the associations, and only a weak association between physical activity energy expenditure and body fat remained ([S2 Table](#pmed.1003234.s005){ref-type="supplementary-material"}, [S3 Table](#pmed.1003234.s006){ref-type="supplementary-material"}). There was no evidence for interaction by study centre or sex (all *p* \> 0.1). The associations between men and women were similar, although we had limited power to discern sex-specific differences ([S4 Table](#pmed.1003234.s007){ref-type="supplementary-material"}. [S5 Table](#pmed.1003234.s008){ref-type="supplementary-material"}).

![Unadjusted linear regression models for the association of difference in energy intake or expenditure with % body fat between urban migrant and rural sibling, Indian Migration Study, 2005--2007.\
A) Association of difference in energy intake and % body fat between urban migrant and rural sibling. (B) Association of difference in energy expenditure and % body fat between urban migrant and rural sibling.](pmed.1003234.g001){#pmed.1003234.g001}

10.1371/journal.pmed.1003234.t002

###### Multivariable model for association of difference in energy intake and energy expenditure on physical activity on the difference in % body fat between urban and rural siblings in the Indian Migration Study, 2005--2007.

![](pmed.1003234.t002){#pmed.1003234.t002g}

  Variable                                           β         95% CI                *p*-value   
  -------------------------------------------------- --------- --------------------- ----------- ----
  Energy intake (calories/day)                       0.001     (0.000 to 0.001)      0.004       
  Physical activity energy expenditure (kJ/kg/day)   −0.031    (−0.046 to --0.016)   \<0.001     
  Age (years)                                        0.216     (0.175 to 0.258)      \<0.001     
  Sex (female)                                       −1.526    (−2.329 to −0.724)    \<0.001     
  Years lived in urban area (per year)               0.045     (−0.002 to 0.091)     0.059       
  Factory site                                       Lucknow   Ref.                  \-          \-
  Nagpur                                             −1.636    (−2.890 to −0.382)    0.011       
  Hyderabad                                          −0.436    (−1.409 to 0.537)     0.380       
  Bangalore                                          −1.102    (−2.256 to 0.052)     0.061       

*N* = 2,216 (1,108 pairs). Participants with complete data only.

β is beta-coefficient; CI is confidence interval.

Variables in the table are mutually adjusted for each other, and rural sibling are used as the reference.

10.1371/journal.pmed.1003234.t003

###### Multivariable model for association of difference in a selected diet and physical activity behaviours on the difference in % body fat between urban and rural siblings in the Indian Migration Study, 2005--2007.

![](pmed.1003234.t003){#pmed.1003234.t003g}

  Variable                                                β         95% CI               *p*-value   
  ------------------------------------------------------- --------- -------------------- ----------- ----
  Cereal and legume intake (grams/day)                    0.000     (−0.003 to 0.002)    0.662       
  Meat, fish, and poultry intake (grams/day)              0.006     (−0.004 to 0.016)    0.252       
  Dairy intake (grams/day)                                0.002     (−0.000 to 0.003)    0.104       
  Fruit and vegetable intake (grams/day)                  −0.001    (−0.003 to 0.001)    0.544       
  Sugary food and sweets intake (grams/day)               −0.003    (−0.021 to 0.016)    0.781       
  Fats and oils intake (grams/day)                        0.020     (−0.001 to 0.041)    0.064       
  Time spent sedentary (min/day)                          0.000     (−0.002 to 0.003)    0.669       
  Time spent in moderate or vigorous activity (min/day)   −0.003    (−0.006 to −0.000)   0.023       
  Time spent watching television (min/day)                0.006     (0.002 to 0.010)     0.006       
  Age (year)                                              0.218     (0.178 to 0.259)     \<0.001     
  Sex (female)                                            −1.590    (−2.390 to −0.790)   \<0.001     
  Years lived in urban area (per year)                    0.039     (−0.007 to 0.086)    0.095       
  Factory site                                            Lucknow   Ref.                 \-          \-
  Nagpur                                                  −2.232    (−3.638 to −0.825)   0.002       
  Hyderabad                                               −1.055    (−2.153 to 0.043)    0.06        
  Bangalore                                               −1.511    (−2.762 to −0.260)   0.018       

N = 2,282 (1,141 pairs). Participants with complete data only.

β is beta-coefficient; CI is confidence interval.

Variables in the table are mutually adjusted for each other, and the rural sibling is used as the reference.

Discussion {#sec012}
==========

In this study conducted in a sample of urban migrants from north, centre, and south of India and their rural dwelling siblings, greater energy intake and reduced energy expenditure both contributed to the greater adiposity of urban migrants. In terms of specific behaviours, dietary fat/oil intake, time spent on watching television, and undertaking moderate or vigorous intensity physical activity were associated with the greater adiposity among urban migrants.

Comparisons with previous research {#sec013}
----------------------------------

Evidence on contribution of changes in diet and physical activity to increased risk of adiposity among urban migrants in India and other LMICs is lacking. Comparisons of diet and activity between urban migrants and rural populations from the area of birth of migrants points to a decline in physical activity as the primary contributor to adiposity, although the relative contribution of diet and physical activity to greater adiposity in urban migrants was not directly examined. In a study from southwestern China, urban migrants had lower energy intake than their rural counterparts, despite greater adiposity \[[@pmed.1003234.ref011]\]. This could be attributed to higher energy requirement of rural participants who had more physically demanding occupations, but energy expenditure was not assessed in the study. Urban migrants also had greater intake of dietary fat. In a study from Peru, physical activity was found to be lower among urban migrants compared with their rural counterparts, but energy intake was not reported \[[@pmed.1003234.ref012]\]. In a study from Guatemala, urban migrants had lower energy intake and lower physical activity; dietary variables were not associated with adiposity, but total physical activity was inversely associated with adiposity in men only \[[@pmed.1003234.ref013]\]. In an analysis of data from six countries, including India (WHO's Study on global AGEing and adult health), occupational physical activity was lower, whereas active travel time and recreational physical activity were higher in urban migrants compared with the unrelated population living in rural areas; however, these differences were not significant in the Indian subsample, and the effects of these behaviours on excess adiposity in urban migrants was not examined \[[@pmed.1003234.ref032]\]. Data from the National Sample Survey of India from a similar time period to our study (2004--2005) suggested no difference in energy intake between urban (2,021 calories/day) and rural (2,047 calories/day) areas of India, but higher intake of fat in urban (47 grams/day) as compared to rural areas (35 grams/day) \[[@pmed.1003234.ref033]\]. In a standardised cross-sectional study conducted in six sites across India (2003--2005), the proportion of urban residents categorised as moderate or vigorously active (based on occupational and leisure activity) was significantly lower compared with rural residents in the same states of India \[[@pmed.1003234.ref034]\].

Strengths and limitations {#sec014}
-------------------------

Longitudinal studies with prospectively collected premigration data are rare because of difficulties in predicting who will migrate. Previous migrant studies have therefore relied on cross-sectional comparisons of migrant populations with host populations, or in a few cases, populations from places from which the migrants have come. However, such comparisons may be limited by unmeasured confounding from other differences in premigration characteristics of comparator populations, such as genetics, childhood home environment (including parental behaviours), and behaviours in adolescence, making attribution of observed differences to migration problematic. In this study, we used counterfactual reasoning that the rural-dwelling sibling provides an adequate control for the migrant sibling, thereby dissecting out the effect of migration from the general secular drift in environmental exposures and changes in health behaviours affecting both urban and rural populations \[[@pmed.1003234.ref017]\]. Despite this, bias from differences in premigration characteristics of migrants and nonmigrants cannot be ruled out \[[@pmed.1003234.ref009]\]. Migrant siblings may be chosen and supported by the family for their ability to thrive after migration and send support back to the rural family. As a result, their childhood experiences may be different despite growing up in the same home environment, resulting in important differences in lifestyle behaviours or adiposity before migration. We did not have premigration data to examine this bias, although absence of a difference in height (a global marker of selection and health, particularly in low-income settings) and educational status between migrants and nonmigrants provides some reassurance on this. The cross-sectional study design also limited the ability to investigate the effects of short, medium, and long-term migration changes in lifestyle on adiposity, particularly because most migrants had migrated over a decade earlier.

Our response rates were lower than anticipated because of the complexity of the sibling pair design. In a majority of cases, the logistics involved at least a day to travel to the study centre and day to travel back for the rural sibling; in extreme cases, up to 3 days of travelling each way was involved. This could have introduced bias if the decision to participate was influenced by existing illness of the migrant or rural sibling. In previous analyses, we found that self-reported health of participating factory workers was similar to those who did not take part in the study ([S2 Table](#pmed.1003234.s005){ref-type="supplementary-material"}), whereas levels of cardiovascular risk factors among rural siblings were comparable to other recent rural surveys from India \[[@pmed.1003234.ref018],[@pmed.1003234.ref034]\].

Measurement of diet and activity by questionnaires is prone to measurement error. We used instruments that had been specifically adapted for use in this mixed rural-urban population (e.g., accounting for variations in recipes and asking open-ended questions to allow for differences in nature of activities) and found to be satisfactory on evaluation (against multiple 24-h diet recalls and accelerometery). We examined migrant and rural siblings at the same time; still, systematic recall bias by migration status cannot be ruled out \[[@pmed.1003234.ref019],[@pmed.1003234.ref023]\].

The urban migrants were sampled from four factories in north, centre, and south of India (with rural siblings residing anywhere in the country) to take account of differences in lifestyles and genetics between regions and make findings more generalisable. However, the migrant participants were all employed in factories and potentially had a better standard of living and health than the Indian population in general or the rural siblings. The study was carried out over a decade ago. The present analysis was not conducted earlier because this was not one of the original hypotheses. The pace of urbanisation and globalisation has increased dramatically over the past decade, and the profound changes in lifestyles and environment could limit the applicability of findings to contemporary populations. There is a great deal of variation in economic development across India (e.g., the gross domestic product of Delhi is eight times that of the state of Bihar); as a result, the study findings could apply to other areas of India that are at a similar stage of economic development as the study sites at that time. Furthermore, the within-sibling differences in these risk factors may still be generalisable if the societal changes affected urban and rural areas to a similar extent. It is possible that a few of the over 1,000 study villages would now be classed as urban, but this would be unlikely to have a major impact on the study findings. Nevertheless, the study findings need to be confirmed in more contemporary populations from multiple settings in India.

Implications and further research {#sec015}
---------------------------------

In common with many other LMICs, India is experiencing a rapid rise in the prevalence of obesity, particularly in its urban areas, while the population of urban areas is also increasing \[[@pmed.1003234.ref004],[@pmed.1003234.ref007]\]. Rural to urban migrants contribute substantially to urban population growth and are particularly vulnerable to the obesogenic effects of the urban environment, highlighting them as one of the key targets for obesity interventions \[[@pmed.1003234.ref006]\]. The findings from this study suggest that obesity interventions need to be multicomponent and address both diet and physical activity changes associated with urban living and particularly focus on behaviours such as dietary fat and oil intake, moderate to vigorous intensity physical activity, and television viewing. An important question for policy makers is the role of physical built environment \[[@pmed.1003234.ref035]\]. In our exploratory analyses, there was a weak suggestion that the urban environment may contribute to increased risk of obesity through a decline in physical activity, independent of improvement in personal social conditions. These results should be interpreted with caution because of the challenges in measuring social conditions comparably across urban and rural areas of India and the low statistical power of our study to investigate these differences (vast majority of urban migrants had a higher standard of living index compared with their rural siblings). Nevertheless, these findings are intriguing in the context of globalisation and changing social conditions in both urban and rural areas and warrant further research. Policy interventions in India have so far focussed on limited aspects of dietary intake (e.g., advertising and labelling of junk food); we suggest that these should be extended and expanded to include interventions aimed at increasing physical activity in urban areas, such as improving walkability of streets and green spaces, although there could be challenges to such approaches because of increasing pollution levels or rapid urbanisation of areas causing a decrease in green spaces \[[@pmed.1003234.ref036]\]. Migrants, particularly in the workplace, are a readily identifiable group, who might be more motivated to take part in on-site health promotion activities, including healthy canteen lunches and exercise classes \[[@pmed.1003234.ref007],[@pmed.1003234.ref037]\]. Given the variations in economic transition and lifestyles across India and other LMICs and the ongoing urbanisation and globalisation, further research is needed to confirm the findings from this study in more contemporary populations in different regions of India and other LMICs. In addition, culturally appropriate multicomponent behavioural interventions need to be robustly evaluated for effectiveness and scalability.

Conclusions {#sec016}
===========

In this study, we found that increased energy intake and reduced energy expenditure contributed equally to greater adiposity among urban migrants from four cities in north, centre, and south of India. Policies aimed at controlling the rising prevalence of obesity in urbanising India need to be multicomponent and target both energy intake and expenditure, with a specific focus on behaviours such as dietary fat and oil intake, time spent on watching television, and time spent engaged in moderate or vigorous intensity physical activity. Similar research is needed from more contemporary populations and other regions of India and LMICs to confirm these findings and develop context-specific interventions.
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Your manuscript has now been evaluated by the PLOS Medicine editorial staff and I am writing to let you know that we would like to send your submission out for external peer review.
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Dear Dr. Kinra,

Thank you very much for submitting your manuscript \"Role of diet and physical activity in increased risk of obesity among rural to urban migrants in India: the Indian Migration Study\" (PMEDICINE-D-20-00490R1) for consideration at PLOS Medicine.

Your paper was evaluated by a senior editor and discussed among all the editors here. It was also discussed with an academic editor with relevant expertise, and sent to independent reviewers, including a statistical reviewer. The reviews are appended at the bottom of this email and any accompanying reviewer attachments can be seen via the link below:
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In light of these reviews, I am afraid that we will not be able to accept the manuscript for publication in the journal in its current form, but we would like to consider a revised version that addresses the reviewers\' and editors\' comments. Obviously we cannot make any decision about publication until we have seen the revised manuscript and your response, and we plan to seek re-review by one or more of the reviewers.
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We expect to receive your revised manuscript by Apr 13 2020 11:59PM. Please email us (<plosmedicine@plos.org>) if you have any questions or concerns.

\*\*\*Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.\*\*\*
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Please use the following link to submit the revised manuscript:

<https://www.editorialmanager.com/pmedicine/>

Your article can be found in the \"Submissions Needing Revision\" folder.

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see <http://journals.plos.org/plosmedicine/s/submission-guidelines#loc-methods>.

Please ensure that the paper adheres to the PLOS Data Availability Policy (see <http://journals.plos.org/plosmedicine/s/data-availability>), which requires that all data underlying the study\'s findings be provided in a repository or as Supporting Information. For data residing with a third party, authors are required to provide instructions with contact information for obtaining the data. PLOS journals do not allow statements supported by \"data not shown\" or \"unpublished results.\" For such statements, authors must provide supporting data or cite public sources that include it.

We look forward to receiving your revised manuscript.
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Adya Misra, PhD
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Please revise your title according to PLOS Medicine\'s style. Your title must be nondeclarative and not a question. It should begin with main concept if possible. \"Effect of\" should be used only if causality can be inferred, i.e., for an RCT. Please place the study design (\"A randomized controlled trial,\" \"A retrospective study,\" \"A modelling study,\" etc.) in the subtitle (ie, after a colon).

At this stage, we ask that you include a short, non-technical Author Summary of your research to make findings accessible to a wide audience that includes both scientists and non-scientists. The Author Summary should immediately follow the Abstract in your revised manuscript. This text is subject to editorial change and should be distinct from the scientific abstract. Please see our author guidelines for more information: <https://journals.plos.org/plosmedicine/s/revising-your-manuscript#loc-author-summary>

Abstract

Abstract Background: Provide the context of why the study is important. The final sentence should clearly state the study question.

Please combine methods and findings into one section. The last sentence of this section should be a limitation of your methodology

Please briefly mention the previous study in the background

In the methods and findings section please mention when the study was carried out

Please include a conclusions section, summarising the study findings. Please address the study implications without overreaching what can be concluded from the data; the phrase \"In this study, we observed \...\" may be useful.

\* Please interpret the study based on the results presented in the abstract, emphasizing what is new without overstating your conclusions.

\* Please avoid vague statements such as \"these results have major implications for policy/clinical care\". Mention only specific implications substantiated by the results.

\* Please avoid assertions of primacy (\"We report for the first time\....\") Please remove the interpretation subsection.

Introduction

References- please place a full stop after the square brackets. For example : rural to urban migration \[7,8\].

"...notably childhood home

environment (including parental behaviours) and behaviours, and to a lesser extent

genetics". I think this needs to be clarified as genetics do play a strong role in adiposity and there is emerging evidence to suggest that it plays a role in diet/physical activity too

Please provide the dates of the Indian Migration study here

Please clarify this sentence "Based on data from elsewhere, we hypothesised that the greater adiposity in urban migrants was primarily

due to the differences in their physical activity"

Please clearly state the hypotheses being tested in this study and outline the aims.

Please clarify why the study results were not published sooner-since migration, diet and behaviours have changed since the original study was carried out. This information should be provided in the methods and or discussion sections.

Methods

Please clarify if the nutrient databases are available online and provide a citation

Please provide a list of the open ended questions used to determine physical activities specific to participants

Please cite the individual guidelines used to determine diet and physical activity levels in participants

Please expand "appropriate adjustments were made using standard methods" citing the methods used

Has the definition of "urban" changed since this study was completed? Please mention this in the discussion section as a potential limitation. Same goes for any potential recall bias in diet and physical activity measurements

Please clarify the time points at which skin fold thickness was measured

Please provide the name(s) of the institutional review board(s) that provided ethical approval.

Please report the study according to STROBE guidelines, providing a completed STROBE checklist as supplementary information. Please mention at the beginning of the methods section that the study has been reported in accordance with STROBE guideline and the checklist is provided as SI file xx

Please present and organize the Discussion as follows: a short, clear summary of the article\'s findings; what the study adds to existing research and where and why the results may differ from previous research; strengths and limitations of the study; implications and next steps for research, clinical practice, and/or public policy; one-paragraph conclusion.

"increasing physical activity in urban areas (e.g. improving walkability of streets and

green spaces)" could there be challenges to this? Increasing pollution levels or the rapid urbanisation of areas causing a decrease in green spaces? Please discuss

Comments from the reviewers:

Reviewer \#1: I confine my remarks to statistical aspects of this paper. Unfortunately, I think there are some problems with the analysis

The authors need to add standard of living to the regression. Urban dwellers had much higher standard of living and this is surely related to diet (and probably to exercise and sedentary time).

In the figures, it is clear that there are high leverage points (which inflate R\^2) and outliers (which can change the coefficients.

I would not change all the variables into percents. I would leave the DV as \"difference in % body fat\" (not divide by the urban dweller) and leave the IVs as differences in grams per day (or minutes per day) rather than %s. This would be easier to interpret.

How were variables selected for the multivariable models? Why are there different variables in the two models?

NOTE: Line numbers would have made the review easier.

p\. 2 The section about fruits, vegetables etc at the end of results needs to be reworded to include \"significant\".

p\. 4 Please give numbers for reliability rather than just saying \"acceptable\"

p\. 5 Same comment - give numbers for reliability and validity

BMI - why use BMI when you have the more accurate skinfold measurements?

p\. 7 Please comment on the huge difference in standard of living.

Peter Flom

Reviewer \#2: Thank you for the opportunity to review the study by Kinra et al., investigating the role of diet and physical activity in increased risk of obesity among rural to urban migrants in India: the Indian Migration Study.

The cross-sectional Indian Migration study has been undertaken between March 2005 and December 2007 and has been described in detail in the paper \'The effect of rural-to-urban migration on obesity and diabetes in India: a cross-sectional study\' published by Ebrahim et al. in PLOS Medicine in April 2010. The main hypothesis of the initial paper was that rural-urban migrants would have higher rates of obesity and diabetes than rural non-migrants. The authors report migration into urban areas to be associated with increases in obesity, and amongst others report results showing physical activity to be decreased and fat intake to be increased in the rural-urban sibling migrants. They observe gender differences in some risk factors by place of origin that require further explanation.

The current study by Kinra et al extends the previous cross-sectional analysis addressing the relative contribution of changes in diet and physical activity to risk of obesity in urban migrants. Major results of the paper, i.e. 11% higher energy intake (mainly through fat intake) and 17% lower energy expenditure by physical activity accounting for 2.3% and 6.9% of the difference in adiposity between siblings, add to the results described by Ebrahim and colleagues, yet provide limited additional information to be used for the development of targeted prevention / intervention programmes.

Whilst the initial paper made the case for sex-specific analysis of life-style related factors, the current analysis presents results adjusted for sex rather than sex-specific results, generally considered important for tailored prevention and intervention programmes. Further, the initial, very well conducted study, has been undertaken 13-15 years ago limiting applicability of results for prevention and intervention efforts within the context of profound life-style changes since 2005 linked to e.g. increasing urbanization and globalization of e.g. food commodities such as availability and affordability of ultra-processed food and possibly other societal factors influencing life-style factors of the general population residing both in rural and urban areas.

Further comments:

Given the significant difference in age between siblings residing in rural and urban India, presentation of age-adjusted graphs would be preferable to take into account any age-related differences, such as for example the well-known correlation of age with higher percentage of body fat.

In line with the initial paper a discussion on the strengths and limitations of the sibling design as compared to other designs for the study of migration-related changes, the potential bias related to the low response rate, as well as a discussion on the ability of the current study to investigate the effect of short, medium and long-term migration on changes in risk factors and subsequent cardio-metabolic outcomes of rural-urban migrants are warranted.

Reviewer \#3: This is a well-designed, interesting and useful study. Also very well written. I have very minor comments below.

The sample is described as geographically representative? Does this mean the proportion of participants from the North, central and Southern India matched the proportion of the Indian population in each of these regions?. It would be helpful to understand why this is important- i.e.: that similar patterns were seen in all three regions so in cities throughout India rural-urban migrants are likely to make similar behavioural changes (despite the different cultures in Northern, central and Southern India)?

In the Methods section: \"each participant was asked to invite one non-migrant full sibling of the same sex and closest to them in age still residing in their rural place of origin\" but then later: \"The analyses were restricted to sibling pairs of the same sex to minimise the potential for bias from difference in associations between sexes\". And then in the first paragraph of the results there is no suggestion that eligibility required a sibling of the same sex. This is just slightly confusing, I wonder whether the methods should have read \"each participant was asked to invite one non-migrant full sibling, \*preferably\* of the same sex and closest to them in age\" (i.e. there were mixed sex pairs in the study but not in this analysis?).

Although the design of this study means that childhood circumstances broadly are similar between the two groups, and genetics also 50% shared- I think it is worth considering how the migrating sibling is often chosen and supported by a family- having the opportunity to migrate and in return sending support back to their rural family (so the family chooses the sibling most likely to thrive after migration). Urban siblings were slightly older (3 years) this suggests the possibility of other systematic differences between the migrant sibling and the rural sibling which might confound the findings. E.g.: despite the same childhood home they may have had different childhood experiences within that home including the often older, migrant sibling getting the lion\'s share of resources- perhaps means they have different dietary and physical activity behaviours and a different BMI even before migration and these things aren\'t due to exposure to the urban environment (particularly noting that years in the urban environment was not significant in the model). Agreed that the lack of difference in height and education is reassuring. I think it would still be worth stating this in the limitations.

In the discussion: \"existing evidence on behavioural changes associated with rural to urban migration in LMICs is limited and points to a decline in physical activity as the primary change\" also \" there are no comparable studies of rural to urban migration from India\". In analysis of the WHO-SAGE survey which includes data from India (<https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0122747> ) we found the rural to urban migrants achieved significantly less occupational physical activity although more leisure time physical activity and active travel. Although the rural to urban migrants were not siblings of the rural participants so may have different by home environment and genetics, so fair enough to say this was not comparable- but still relevant to this discussion (although I know cheeky to be referring to a paper of which I\'m an author).

Any attachments provided with reviews can be seen via the following link:

\[LINK\]

10.1371/journal.pmed.1003234.r003
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10 Jun 2020

Dear Dr. Kinra,

Thank you very much for re-submitting your manuscript \"Relative contribution of diet and physical activity to increased adiposity among rural to urban migrants in India: A cross-sectional study\" (PMEDICINE-D-20-00490R2) for review by PLOS Medicine.

I have discussed the paper with my colleagues and the academic editor and it was also seen again by reviewers. I am pleased to say that provided the remaining editorial and production issues are dealt with we are planning to accept the paper for publication in the journal.

The remaining issues that need to be addressed are listed at the end of this email. Any accompanying reviewer attachments can be seen via the link below. Please take these into account before resubmitting your manuscript:

\[LINK\]

Our publications team (<plosmedicine@plos.org>) will be in touch shortly about the production requirements for your paper, and the link and deadline for resubmission. DO NOT RESUBMIT BEFORE YOU\'VE RECEIVED THE PRODUCTION REQUIREMENTS.

\*\*\*Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.\*\*\*

In revising the manuscript for further consideration here, please ensure you address the specific points made by each reviewer and the editors. In your rebuttal letter you should indicate your response to the reviewers\' and editors\' comments and the changes you have made in the manuscript. Please submit a clean version of the paper as the main article file. A version with changes marked must also be uploaded as a marked up manuscript file.

Please also check the guidelines for revised papers at <http://journals.plos.org/plosmedicine/s/revising-your-manuscript> for any that apply to your paper. If you haven\'t already, we ask that you provide a short, non-technical Author Summary of your research to make findings accessible to a wide audience that includes both scientists and non-scientists. The Author Summary should immediately follow the Abstract in your revised manuscript. This text is subject to editorial change and should be distinct from the scientific abstract.

We expect to receive your revised manuscript within 1 week. Please email us (<plosmedicine@plos.org>) if you have any questions or concerns.

We ask every co-author listed on the manuscript to fill in a contributing author statement. If any of the co-authors have not filled in the statement, we will remind them to do so when the paper is revised. If all statements are not completed in a timely fashion this could hold up the re-review process. Should there be a problem getting one of your co-authors to fill in a statement we will be in contact. YOU MUST NOT ADD OR REMOVE AUTHORS UNLESS YOU HAVE ALERTED THE EDITOR HANDLING THE MANUSCRIPT TO THE CHANGE AND THEY SPECIFICALLY HAVE AGREED TO IT.

Please ensure that the paper adheres to the PLOS Data Availability Policy (see <http://journals.plos.org/plosmedicine/s/data-availability>), which requires that all data underlying the study\'s findings be provided in a repository or as Supporting Information. For data residing with a third party, authors are required to provide instructions with contact information for obtaining the data. PLOS journals do not allow statements supported by \"data not shown\" or \"unpublished results.\" For such statements, authors must provide supporting data or cite public sources that include it.

If you have any questions in the meantime, please contact me or the journal staff on <plosmedicine@plos.org>.

We look forward to receiving the revised manuscript by Jun 17 2020 11:59PM.

Sincerely,

Adya Misra, PhD

Senior Editor

PLOS Medicine

[plosmedicine.org](http://plosmedicine.org)
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Requests from Editors:

I note the questionnaire is cited, but if possible please include here as a Supp file.

Please ensure the STROBE uses sections and paragraph numbers instead of lines as these wont be in the final version. also page numbers change on formatting, so please avoid those too.

Age of data - it is noted that the data are old. can this be updated or is it possible to comment on in the MS?

Comments from Reviewers:

Reviewer \#1: The authors have addressed my concerns and I now recommend publication

Peter Flom

Reviewer \#2: Thank you for responding in detail to the initial review comments. Yet, I do still doubt whether the current paper adds significantly to the original paper from Shah Ebrahim et al who already addressed the relative contribution of changes in diet and physical activity to risk of obesity in urban migrants.

Further, I consider sex-specific analysis of major importance as in most contexts, including in India, dietary behaviour and physical activity patterns are gendered, so that information specific to women, respectively men for the purpose of the development and implementation of tailored prevention and intervention programmes is warranted.

Reviewer \#3: The authors have addressed all my comments appropriately and I am happy with this draft of the paper.

Thanks also for the opportunity to read the comments from the editor and other two reviewers. I think the authors have also done a good job of responding to these points.

In terms of reviewer 1 \"The authors need to add standard of living to the regression. Urban dwellers had much higher standard of living and this is surely related to diet (and probably to exercise and sedentary time).\" Just to say, I agree with the authors, that adding standard of living to the regression would examine a different question than the one they have asked. Having read reviewer 1\'s comments though, I do wonder whether it is worth it (in addition to the results they have presented) because it would allow them to infer what the contribution of \*urbanisation\* rather than \*increased standard of living\*- i.e.: if rural populations had a similar increase of wealth would we expect similar changes in diet, physical activity and hence obesity or not? I.e.: What is the contribution of the \*urban environment\* independent of the \*standard of living\* changes. It might be particularly interesting if the association between energy intake or energy expenditure and obesity, but not both, were extinguished.

Any attachments provided with reviews can be seen via the following link:

\[LINK\]

10.1371/journal.pmed.1003234.r005
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8 Jul 2020

Dear Prof. Kinra,

On behalf of my colleagues and the academic editor, Dr. Oyinlola Oyebode, I am delighted to inform you that your manuscript entitled \"Relative contribution of diet and physical activity to increased adiposity among rural to urban migrants in India: A cross-sectional study\" (PMEDICINE-D-20-00490R3) has been accepted for publication in PLOS Medicine.

PRODUCTION PROCESS

Before publication you will see the copyedited word document (in around 1-2 weeks from now) and a PDF galley proof shortly after that. The copyeditor will be in touch shortly before sending you the copyedited Word document. We will make some revisions at the copyediting stage to conform to our general style, and for clarification. When you receive this version you should check and revise it very carefully, including figures, tables, references, and supporting information, because corrections at the next stage (proofs) will be strictly limited to (1) errors in author names or affiliations, (2) errors of scientific fact that would cause misunderstandings to readers, and (3) printer\'s (introduced) errors.

If you are likely to be away when either this document or the proof is sent, please ensure we have contact information of a second person, as we will need you to respond quickly at each point.

PRESS

A selection of our articles each week are press released by the journal. You will be contacted nearer the time if we are press releasing your article in order to approve the content and check the contact information for journalists is correct. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact.

PROFILE INFORMATION

Now that your manuscript has been accepted, please log into EM and update your profile. Go to <https://www.editorialmanager.com/pmedicine>, log in, and click on the \"Update My Information\" link at the top of the page. Please update your user information to ensure an efficient production and billing process.

Thank you again for submitting the manuscript to PLOS Medicine. We look forward to publishing it.

Best wishes,

Clare Stone, PhD

Managing Editor

PLOS Medicine

[plosmedicine.org](http://plosmedicine.org)
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